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Abstract. Receptor-mediated endocytosis is inhibited
during mitosis in mammalian cells and earlier work
on A431 cells suggested that one of the sites inhibited
was the invagination of coated pits (Pypaert, M., J. M.
Lucocq, and G. Warren. 1987. Eur. J. Cell Biol. 45 :
23-29) . To explore this inhibition further, we have
reproduced it in broken HeLa cells. Mitotic or inter-
phase cells were broken by freeze-thawing in liquid
nitrogen and warmed in the presence of mitotic or in-
ECEPTORS that enter the endocytic pathway cluster in
specialized regions of the plasma membrane termed
coated pits (Anderson et al., 1976) . These are assem
bled from clathrin subunits (Pearse, 1975), which are linked
to the cytoplasmic tail of receptors by adaptor complexes
(Pearse and Robinson, 1984; Vigers et al ., 1986; Pearse,
1988). Once formed, a coated pit undergoes invagination, a
process that turns a shallow coated pit into one that is only
held to the plasma membrane by a narrow neck. Membrane
scission then releases a coated vesicle into the cytoplasm. In
a previous study, we reconstituted these processes in broken
A431 cellsand identifiedsome oftheir requirements (Smythe
et al., 1989). The most intriguing conclusion was that al-
though the formation of coated pits and their scission re-
quired both added cytosol and ATP, invagination required
neither. This seemed to indicate that new coated pits were
primed to undergo invagination.
Different models have been put forward to explain the
mechanism responsible for invagination . The most widely
accepted derives from the observation that the clathrin lattice
underlaying shallow coated pits comprises mainly hexagons
whereas the lattice of more invaginated coated pits contains
pentagons as well. The conversion of hexagons into penta-
gons could drive the increase in curvature ofthe lattice, caus-
ing a shallow pit to become more invaginated (Kanaseki and
Kadota, 1969; Heuser and Evans, 1980; Larkin et al ., 1986;
Heuser, 1989) . Another model suggests that a change in cur-
vature cannot occur once a coated pit has been assembled,
but that the curvature of the coat is built in as the different
subunits assemble to form a coated pit (Pearse and Crowther,
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terphase cytosol. Using a morphological assay, we
found invagination to be inhibited only when mitotic
cells were incubated in mitotic cytosol . This inhibition
was reversed by diluting the cytosol during the incuba-
tion. Reversal was sensitive to okadaic acid, a potent
phosphatase inhibitor, showing that phosphorylation
was involved in the inhibition of invagination. This
was confirmed using purified cdc2 kinase which alone
could partially substitute for mitotic cytosol .
1987). A third possibility, which is a hybrid of these two
models, is that only the early steps of invagination involve
conversionofhexagons to pentagons. Subsequent addition of
new subunits at the periphery would then help to close the
neck so that scission could occur. Since these models are
necessarily speculative, much information could be gained
from studying processes which regulate this process. The
only known physiological regulation of invagination occurs
during mitosis.
Membrane traffic in mammalian cells is almost com-
pletely arrested during mitosis (reviewed by Warren, 1985,
1989). In the case of fluid-phase and receptor-mediated en-
docytosis, the steps along the pathway which are known to
be inhibited include internalization by coated pits (Fawcett,
1965; Berlin et al., 1978 ; Berlin and Oliver, 1980) as well
as the recycling of receptors to the cell surface (Warren et
al ., 1984; Sager et al ., 1984). We have shown in a previous
study using A431 cellsthat all categories ofcoated pits, from
shallow to deeply invaginated, were present in both inter-
phaseand mitotic cells(Pypaert et al., 1987) . If invagination
consists ofa series ofdifferent steps which convert a shallow
coated pit into a deeply invaginated one, then inhibition of
one of these steps would cause coated pits which follow the
blockto disappear and those preceding the blockto accumu-
late. This was the conclusionreached by Fawcett (1965) who
showed that only shallow coated pits couldbe found in divid-
ing erythroblasts. This seemed to indicate that the first step
of invagination, which turns a flat lattice into a slightly
curved one, was inhibited, but not later steps. In the case of
mitotic A431 cells, however, the presence of all categories
of coated pits shows that all steps of invagination are in-
hibited . The simplest interpretation of this result is that the
same process is involved at each of these steps, for examplethe conversion of hexagons into pentagons or the addition of
new subunits at the periphery, and it is this process that is
blocked during mitosis.
To gain more information about the nature of this inhibi-
tion, we set about reproducing it in a cell-free system. We
have developed a system using broken mitotic HeLa cells in-
cubated in mitotic cytosol and have shown that invagination
can be inhibited in a reversible fashion . We have also shown
that cyclin B-p34cdc2 protein kinase complex (cdc2 kinase),
purified from starfish oocytes, can partially substitute for
mitotic cytosol, indicating that phosphorylation reactions
are involved in the inhibitory process.
Materials andMethods
Materials
Okadaic acid was agift from Prof. P. Cohen, Dundee University, Scotland.
It was stored as a 0.1 mM solution in2% (vol/vol) DMSO at -20°C. Media
and supplements used for cell culture were obtained from Flow Laborato-
ries, Rickmansworth, England or Northumbria Biologicals Ltd., Cramling-
ton, England, and tissue culture plastics were from Sterilin Ltd., Feltham,
England. Plastic roller bottles (850 cm2) were purchased from Becton
Dickinson Labware, LincolnPark, NJ. Unlessotherwise specified, all other
reagents wereobtainedfrom Sigma Chemical Co. or BDH, Poole, England.
Cells
HeLa cells were grown at 37°C in minimal essential medium (MEM) sup-
plemented with 10% (vol/vol) fetalbovine serum, nonessential amino acids,
and 100 U/ml each of penicillin and streptomycin in an atmosphere of 5%
CO2/95% air. Suspension HeLa cells were grown in MEM modified for
suspension cultures, at 37°C in an atmosphere of 5% C02/95% air.
Preparation ofMitoticandInterphase (GI) Cells
Roller bottles were seeded at a density of 3-4 x 104 cells/cm2, gassed with
5% C02/95% air, and grown at 37°C on a rotator at 0.25 rpm. After 24 h
the bottles were spun at 200 rpm for 3 min at 37°C to remove debris and
clumps, and the medium replaced by fresh medium. After another 24 h,
when they were 50-70% confluent, the cells were blocked in S phase by
incubation for 16 h in fresh medium containing 5 mM thymidine. The
medium was then replaced by medium without thymidine to allow cells to
enter and proceed through the G2 phase of the cell cycle. After 7 h, the
medium was replaced by medium containing 40 ng/ml nocodazole (Zieve
et al., 1980). Cells were incubated in nocodazole for 4 h and the mitotic
cells were then detached by rotation at 250 rpm for 3 min (Klevecz, 1975).
Typically, 3 x 106 cells were obtained from each roller bottle, of which
?97% were mitotic (prometaphase) as determined by staining with bis-
benzamide (Hoechst dye 33258 ; see Berlin et al., 1978). After shake-off
the cells were sedimented at 1,000 g for 8 min at room temperature.
Interphase (GI) cells were prepared from mitotic cells, washed in MEM
containing 25 mM Hepes, pH 7.4 without nocodazole, and then resus-
pended in 10 ml of the same medium at a density of 106 cells/ml, and incu-
bated for 2 h at 37°C on a rotator. This generated a population of cells in
which 95 % were in the Gl phase.
Preparation ofBroken Cells
Mitotic and interphase cells were broken by freeze-thawing in liquid nitro-
gen just before use. They were first washed with KEHM (50 mM KCI, 10
mM EGTA, 50 mM Hepes, 1.92 mM MgC12, adjusted to pH 7.2 with
KOH) at 4°C and then split into aliquots of -106 cells. After a second
wash in KEHM the cells were centrifuged at 1,000 g for 5 min at 4°C, then
resuspended in 20,u1 ofKEHM, andimmersed in liquid nitrogenfor -10 s.
Thawing was achieved by shaking the tubes in a 37°C waterbath for -15 s
and then quickly transferring them to ice. In some experiments, the cells
were frozen and left in liquid nitrogen for several days before being thawed.
Our experimental results showed no difference between these two methods.
Cell breakage was determined by assaying the release of lactate de-
hydrogenase as described previously (Smythe et al., 1989). Typically, 95 %
of mitotic cells and 90% of interphase cells were broken by this method.
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Preparation ofCytosols
Mitotic and interphase cytosols wereprepared from suspension HeLa cells.
The cells were grown in 150-cm2 plastic flasks and, 2 d before an experi-
ment, were transferred to a glass stirrer flask in a final volume of 1 liter,
at a density of -3 x 105 cells/ml. After growing for 24 h at 37°C, half
ofthe suspension was spun at 1,000 g for 10 min at room temperature and
the cell pellet resuspended in I liter offresh medium containing 100 ng/nil
nocodazole. These cells were grown for another 24 h after which time a
suspension of mitotic cells at a density of -3 x 105 cells/ml was obtained.
The mitotic index was typically ?95%. The other half of the suspension
culture was made up to 1 liter by adding fresh medium and allowed to grow
for24 h. This generated an interphase population at a density of 4-7 x 105
cells/ml. Cells were harvested by spinning both mitotic and interphase cell
suspensions at 1,000g for 10min atroom temperature. The cell pellets were
resuspended inice-cold 150 mM KCI, 10 mM triethanolamine, pH 7.2, and
left onice for 10 min. After one wash in KEHM the cells were resuspended
in 1 vol ofKEHM containing 1 mM DTT and the following protease inhibi-
tors: 25 pg/ml leupeptin, 25 pg/ml aprotinin, 1 mM benzamidine HCI, and
10 ug/ml pepstatin. This protease inhibitor cocktail was stored at -20°C
as a 100-fold concentrate in DMSO. Thecells werebroken using aball bear-
ing homogenizer with a 20 Am clearance (Balch et al., 1984). This gave
a cell breakage usually in excess of95% . The homogenate was centrifuged
at 360,000 gfor 30 min at 4°C andthe supernatant rapidly frozen and stored
in liquid nitrogen. Before each experiment, the concentration of protease
inhibitors in the cytosols w4s adjusted to 50 pg/nd leupeptin, 50 lag/ml
aprotinin, 2 mM benzamidine HCI, and 20 jig/ml pepstatin. The protein
concentrationofthe cytosols was 7-10 mg/ml, as determined by the method
of Bradford (1976), using BSA as a standard.
Thehistone kinase activity ofeach cytosol was determined by incubating
5 pl of cytosol, diluted 1- to 100-fold in KEHM, with 15 pl ofreaction mix
for 15 minat37°C. Thereaction mix comprised KEHM containing 107 mM
ß-glycerophosphate, 67 mM NaF, 1.33 MM MgC12, 1.33 mM ATP, 2.67
mg/ml histories type III-S, and 0.25 pCi/pl 32P-ATP (Amersham, Ayles-
bury, England). The reaction wasterminatedby spotting 12 pl ofeach sam-
ple onto a grid of Whatman P81 ion exchange chromatography paper. The
grids were washed three times over a 45-min period in 150 mM phosphoric
acid, then dipped in 95% (vol/vol) ethanol/H20, and air dried. The radio-
activity on each square of the grid was measured using Ready-Soly CP
(Beckman Instruments, Inc., Palo Alto, CA) as the scintillation cocktail.
The specific activity of the histone kinase in each cytosol was determined
overthe linearrange ofactivity and was typically 1-3 nmolhnin/mg of cyto-
solic protein for mitotic cytosols. The activity of interphase cytosols was
typically 15-fold lower than this.
The mitotic cytosols prepared by this method were found to be capable
of causing nuclear envelope breakdown when incubated with isolated rat
liver nuclei following the method of Newport and Spann (1987) (data not
shown).
Purification ofcdc2 Kinase
cdc2 kinase (cyclin B-p34cac2 complex) was purified to apparent elec-
trophoretic homogeneity from starfish oocytes as described previously
(Labbé et al., 1989), with histone kinase activities of200-500 pmol/min/
pl. Aliquots were frozen rapidly in liquid nitrogen and stored at -80°C.
Before each experiment, the kinase was rapidly thawed and diluted in
KEHM to give a final activity of -10 pmol/min/Al, which is equivalent to
the activity ofthe mitotic cytosols (see legend to Fig. 7). Protease inhibitors
were added before the incubation at the same concentration as in mitotic
or interphase cytosols.
ConditionsofIncubation
Broken cell suspensions were diluted 25-foldwith ice-cold KEHM and cen-
trifuged at 1,000 g for 5 min at 4°C. Each pellet was resuspended in 30 pl
of cytosol, KEHM or KEHM containing cdc2 kinase, and 3 p1 of an ATP
regenerating system containing 26.7 mM MgATP, pH 7.0, 53.5 mM creatine
phosphate, and 0.38 mg/ml creatine phosphokinase. The samples were in-
cubated for 5 or 10 min at 0 or 37°C, chilled on ice for 5 min, and then
fixed for electron microscopy as described below. After the first incubation
at 37°C, some samples were diluted 20-fold with prewarmed KEHM and
incubated for a further 5 min at 37°C. To other samples a one-tenth volume
of an ATP-depleting system (50 U/nil hexokinase in 100 mM glucose) was
added and the cells incubated for a further 5 min at 37°C.
In some experiments okadaic acid was added to the cytosol or KEHM
both before and after the 20-fold dilution, at a final concentration of 1 ILM.
1160Preparation oftheSamplesforElectronMicroscopy
The cells were fixed in 0.5% (wt/vol) glutaraldehyde (Fluka BioChemika,
Glossop, England) in 0.1 M cacodylate buffer, pH 7.4, for 1 h at room tem-
perature. They were then washed three times in the same buffer and cen-
trifuged at 1,000 g for 10 min. The pellets were postfixed in 1% (wt/vol)
osmium tetroxide (Taab Laboratories Equipment Ltd., Aldermaston, En-
gland) in 0.1 M cacodylate buffer, pH 7.4, for 30 min. After dehydration
in a graded series of solutions of ethanol, the pellets were embedded in
Epon 812 resin (Taab Laboratories Equipment Ltd.). Serial sections were
cut and mounted oncarbon/formvar coated grids. Theaverage section thick-
ness was 35 nm. The sections were stained for 15 min with a 2% (wt/vol)
solutionofuranylacetatein 50% (vol/vol) ethanol and for5 min witha solu-
tion oflead citrate according to the method of Reynolds (1963) . They were
viewed in a Philips CM10 electron microscope.
QuantitativeMorphologicalAnalysis
Sampling Protocol. Coated pits and vesicles were sampled using a modi-
fication ofthe method we described previously (Smythe et al., 1989). bi-
sectors (Sterio, 1984) were placed across the sections systematically with a
random start. Each disector consisted ofthree consecutive sections. Coated
pits and coated vesicles were sampled only if they were present in the first
two sections and had disappeared in the third (the "look-up!') . Coated pits
were photographed at 28,500x, and printed at a 10-fold higher magnifica-
tion. Each field used to count coated pits and vesicles was photographed
at a magnification of 6,600x and then printed at a final magnification of
16,720x. These were used to estimate the numbers of coated pits and vesi-
cles per mm of plasma membrane (linear densities).
Measurement ofCoated Pits. For each coated pit sampled, the section
through the middle of the pit was identified from serial sections and used
to estimate the degree of invagination using a modification of the method
described previously (Pypaert et al., 1987) . For each coated pit the length
ofplasma membrane (L) and the diameter of the neck (l) were measured
by counting the numberofintersections with a single square lattice grid with
a distance of5 mm between lines (see Weibel, 1979). The results were ex-
pressed as 1-(1/L), so that a flat coated pit would have a value of0 while
a coated pit about to pinch off would have a value close to 1 (see Pypaert
et al., 1987) .
For the initial experiments (Fig. 2 a), five categories were defined
(1-(l/L) = 0-0.19, 0.20-0.39, . .., 0.80-0.99) and the number ofcoated pits
ineach category determined. To simplify the data, only two categories were
used for theother experiments: shallow coated pits when 1-(l/L) < 0.8, and
deeply invaginated coated pits when 1-(1/L) 3 0.8 (see Smythe et al.,
1989). In these experiments, it was possible to classify accurately most of
the coated pits by eye at the electron microscope. However, when coated
pits were at the threshold between the two categories, pictures were taken,
and coated pits measured as above.
Measurement ofPlasma Membrane. The length of plasma membrane
was estimated from micrographs by counting the number of intersections
ofthe membrane with the lines of a single square lattice grid with a distance
of 4 cm between lines.
Results
Invagination ofCoated Pits inBroken MitoticCells
Preliminary experiments in intact cells showed no difference
in the distribution of coated pits between mitotic and inter-
phase HeLa cells (data not shown) . This led us to conclude
that, as in A431 cells, invagination is inhibited during mito-
sis in HeLa cells. We then tried to reproduce this inhibition
in broken cells. The method chosen for breaking mitotic
cells was freeze-thawing in liquid nitrogen. The electron
micrographs in Fig. 1 show mitotic HeLa cellsafterbreaking
by this method . Most of the cells had the light appearance
typical of broken cells (Fig. 1 a ; see also Smythe et al.,
1989) . At low magnification the overall cyto-architecture did
not seem greatly altered . However, examination at higher
magnification revealed the presence ofnumerous holes in the
plasma membrane (Fig. 1 b) . More importantly, the mor-
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phology ofcoated pits seemed unaffected by the freeze-thaw-
ing treatment (see also Fig. 3).
Mitotic cells were broken and incubated in the presence
of mitotic or interphase cytosols prepared from suspension
HeLa cells. Incubation was carried out in the presence of an
ATPregenerating system for 5 min at either 0 or 37°C.
Coated pits were sampled at the electron microscope, mea-
sured, and put into five categories, with the flatter coated pits
being included in category 1 and the more invaginated coated
pits in category 5. The results are shown in Fig. 2 a . If the
broken cells were incubated at 37°C in the presence of mi-
totic cytosol, the distribution of coated pits did not change
when compared to cells that were incubated at 0°C. In con-
trast, if interphase cytosol was used, there was a marked
shift towards more invaginated coated pits at 37°C. Because
only one round of internalization via coated pits occurs in
broken cells (Smythe et al., 1989), a shift towards more in-
vaginated coated pits was expected. The absence of such a
shift when cells were incubated in mitotic cytosol at 37°C
indicates that invagination was inhibited. The difference be-
tween mitotic and interphase cytosols was not due to the ab-
senceof nocodazole in interphase cytosol, since addition of
nocodazole before the incubation did not inhibit invagination
(data not shown).
To simplify the presentation of the data for this and follow-
ing experiments, coated pits were put into two rather than
five categories. The two categories, described in a previous
report (Smythe et al., 1989), were shallow and deeply in-
vaginated coated pits. Shallow coated pits were defined as
having neck diameters greater than one-fifth of the length of
the coated plasma membrane (corresponding to categories
1-4 in Fig. 2 a), and deeply invaginated coated pits as having
neck diameters equal to or smaller than one-fifth of the
length of the membrane (corresponding to category 5) . This
classification was chosen because it gave the most sensitive
measure of the invagination process: at 0°C > 80% of the
coated pits were shallow but after an incubation at 37°C in
interphase cytosol or buffer >80% became deeply invagi-
nated (Smythe et al., 1989).
When the data from Fig. 2 a were reclassified, we found
that -80% ofthe coated pits remained shallow after an incu-
bation at 0°C with either of the cytosols (Fig. 2b) . After a
5-min incubation at 37°C in mitotic cytosol, the distribution
did not change. With interphase cytosol, however, >80% be-
came deeply invaginated. We can conclude that invagination
is inhibited in broken mitotic HeLa cells, but only in the
presence of mitotic cytosol. Shallow coated pits in mitotic
cells incubated in mitotic cytosol for 5 min at 37°C are
shown in Fig. 3 (c and d). There were no morphological
differences between these and coated pits in cellskept at 0°C
(Fig. 3, a and b) .
In a parallel set of experiments, a population of interphase
cellswas derived from mitotic cells by removing the nocoda-
zole and allowing the mitotic cells to proceed to Gl . They
were then broken and incubated with either mitotic or inter-
phasecytosol. Mitotic cytosol did not inhibit invagination in
these cells (Fig. 4).
TheInhibition ofInvagination byMitotic Cytosol
IsReversible
To test the reversibility of the inhibition described above,
some broken cellswere incubated for 5 min at 37°C with mi-
1161Figure 1 . Morphology of broken mitotic HeLa cells . (a) Mitotic HeLa cells broken by freeze-thawing are shown at low magnification .
(b) Broken mitotic cells shown at higher magnification . The large arrowhead points to a hole in the plasma membrane of one of the cells .
Coated pits are indicated by small arrowheads and the rough endoplasmic reticulum by arrows . M, mitochondria; C, chromosome . Bars :
(a) 5 gm ; (b) 1 Im.
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Figure 2 . Imagination in bro-
ken mitotic cells in the pres-
ence of mitotic or interphase
cytosol . Mitotic HeLa cells
were broken by freeze-thawing
and incubated with either mi-
totic or interphase cytosol in
the presence of an ATP-regen-
erating system at 0 or 37°C for
5 min, then processed for elec-
tron microscopy. Coated pits
were sampled at random, mea-
sured and each put into one of
five (a) or two (b) categories,
as defined in the text . Each
value is expressed as the mean
of three experiments ± stan-
dard deviation . (a) The five
categories are shown on the
left-hand axis. (b) (o) Shallow
coated pits ; (m) deeply invag-
inated coated pits .
totic cytosol, then diluted 20-fold by adding prewarmed
buffer, and incubated again for 5 min at 37°C. After dilution,
>75% ofthe coated pits became deeply invaginated (Fig . 5),
indicating that the inhibition of invagination by mitotic cyto-
sol was reversible . This was not observed when the cells
were incubated for 10 min in mitotic cytosol without dilu-
tion . Reversal was not due to the absence ofATP in the dilu-
tion buffer because >70% ofthe coated pits invaginated when
ATP was present after dilution (data not shown) . Examples
of deeply invaginated coated pits formed after dilution are
shown in Fig . 3 (e andf ) .
It was possible that some coated pits could have disap-
peared during these experiments by detachment of coat
subunits from the plasma membrane. This could have inter-
fered with our interpretation of the data, so it was important
to compare the linear densities of coated pits for each of the
conditions tested, and this is shown in Table I . Although the
numbers decreased slightly during the incubation in mitotic
cytosol and after the 20-fold dilution in buffer when com-
pared to the cells kept at 0°C, none of these differences were
significant when tested using the Student's t test . In interphase
cells incubated with interphase cytosol, one might have ex-
pected thenumber of coated pits to decrease significantly as
scission occurred . This did not happen but is consistent with
1162Figure3 Morphology of coated pits in broken mitotic HeLa cells . Mitotic HeLa cells were broken by freeze-thawing and then incubated
with mitotic cytosol and ATP for 5 min at 0°C (a and b) or 37°C (c and d), or 5 min at 37°C, followed by dilution in buffer and a further
5 min at 37°C (e andf) . Coated pits shown are representative of the types of coated pits found in cells incubated under each of these
conditions . Bar, 100 nm .
our observations in broken A431 cells that scission is a rate-
limiting step so that deeply invaginated coated pits accumu-
late, with <25% of them becoming vesicles (Smythe et al .,
1989) . It is also worth noting that the values in Table I are
not significantly different from the values found for intact
mitotic and interphase cells (65 t 22 and 54 f 48, respec-
tively), indicating that no significant loss of coated pits oc-
curred during the cell breaking and washing steps.
Reversal CanBe Pbrtially Prevented by OkadaicAcid
Phosphatases are involved in the exit from mitosis both in
vivo (Picard et al., 1989) and in vitro (Félix et al ., 1990) .
We therefore tested the possibility thata phosphatase activity
was involved in the reversal of the inhibition described here .
Figure 4. Invagination in broken GI cells in the presence ofmitotic
or interphase cytosol . GI cells were treated as described in the leg-
end to Fig . 2 . Coated pits were measured and put into one of two
categories. Each value is expressed as the mean oftwo experiments
f standard deviation . (o) Shallow coated pits ; (w) deeply invagi-
nated coated pits .
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To test this, okadaic acid, a specific inhibitor of protein phos-
phatase 1 (PP1) and 2A (PP2A) (Cohen et al., 1990), was
added to try to block reversal . When cells were incubated
with mitotic cytosol and 1 p.M okadaic acid for 5 min at 37°C
and then diluted 20-fold into buffer containing okadaic acid
and incubated for a further 5 min at 37°C, coated pits did
not invaginate to the same extent as when okadaic acid was
absent during both incubations (Fig . 6) . This difference was
significant when tested with the Studenfs t test (p < 0.05) and
corresponds to a 64% inhibition of reversal (see legend to
Fig . 6) . If okadaic acid was only present during dilution, no
effect was observed (data not shown), indicating that a prein-
cubation with okadaic acid was required .
Figure S . Effect of dilution on invagination in broken mitotic cells .
Mitotic cells were broken by freeze-thawing and incubated for up
to 10 min at 0 or 37°C. After 5 min at 37°C, some ofthe cells were
diluted 20-fold into prewarmed buffer and incubated for a further
5 min at 37°C. Each value is expressed as the mean of three experi-
ments f standard deviation . (o) Shallow coated pits ; (m) deeply
invaginated coated pits .
1163Table I. Density ofCoated Pits on Broken Mitotic
and InterphaseHeLa Cells
Condition of incubation
Number of coated pits per millimeter
of plasma membrane
Values represent means t standard deviation of three (mitotic cells) or two
(interphase cells) experiments .
*, t, 3, II : groups of values that were compared together using the Student's t
test . All differences were nonsignificant .
If interphase cytosol was substituted for the mitotic cyto-
sol, or if GI cells were used instead of mitotic cells, okadaic
acid had no effect on invagination after dilution (data not
shown) .
Purified cdc2 Kinase Partially Inhibits Invagination
The partial prevention of reversal by a specific phosphatase
inhibitor strongly suggests that phosphorylation is involved
in inhibiting invagination . The obvious candidate kinase is
cdc2 kinase, a key regulator of intracellular events leading
to cell division (Nurse, 1990) . To test the effect ofthe kinase
on invagination, broken mitotic cells were incubated at 37°C
in mitotic cytosol or buffer containing cdc2 kinase, at a simi-
lar level ofhistone kinase activity as mitotic cytosol (see leg-
end to Fig . 7) . Incubation with mitotic cytosol at 37°C
prevented invagination, whereas buffer alone did not (Fig . 7
a) . If cdc2 kinase was included in the buffer, >50% of the
Figure 6. Effect of okadaic acid on the reversal of inhibition . The
cells were treated as described in the legend to Fig . 6. For some
of the samples, okadaic acid (OA) was added both before and after
dilution, at a final concentration of 1 pM . Each value is expressed
as the mean of three experiments t standard deviation . Okadaic
acid inhibited reversal by 64%, assuming 100% inhibition of rever-
sal was represented by cells incubated for 10 min at 37°C with
mitotic cytosol, and 0% inhibition by cells diluted 20-fold in the
absence of okadaic acid . (o) Shallow coated pits ; (w) deeply in-
vaginated coated pits .
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Figure 7 . Effect of cdc2 kinase on invagination in broken mitotic
cells . (a) Mitotic HeLa cells were broken by freeze-thawing and
incubated with either mitotic cytosol, buffer or cdc2 kinase in
buffer, in the presence of an ATP-regenerating system at 0 or 37 °C
for 5 min, then processed for electron microscopy. Each value is
expressed as the mean of two (mitotic cytosol and buffer) or three
experiments (cdc2 kinase) f standard deviation . (b) Cells were
treated as above, but after 5 min at 37°C hexokinase-glucose
(HK/G), or buffer, was added, and the cells incubated for a further
5 min at 37°C . Each value is expressed as the mean of two experi-
ments f standard deviation . The histone kinase activity ofthe cdc2
kinase after the incubations was 11.2 f 7.4 pmol/min/ttl, compared
with 10.4 pmol/min/pl for the mitotic cytosol preparation used in
these experiments . The latter activity corresponds to 1 .6 nmol/min/
mg of cytosol . Mitotic cytosol inhibited invagination by 90%, and
cdc2 kinase by 58 %, assuming 100 % inhibition was represented by
cells incubated with buffer at 0°C, and 0% inhibition by cells in-
cubated for 5 min at 37°C in buffer. (o) Shallow coated pits ; (n)
deeply invaginated coated pits .
coated pits remained shallow. This corresponds to a 58% in-
hibition of invagination, or about two-thirds of the inhibition
observed with mitotic cytosol (see legend to Fig . 7) . The ex-
tent of inhibition could not be increased by doubling the con-
centration of cdc2 kinase (data not shown) . This shows that
the kinase activity was not limiting .
Inhibition by cdc2 kinase was also reversible. Reversal was
accomplished by removing ATP during the incubation using
an ATP-depleting system in excess of the ATP-regenerating
system present during the initial incubation . Cells were in-
cubated for 5 min at 37°C in the presence of mitotic cytosol
orcdc2 kinase, then a one-tenth volume ofthe ATP-depleting
system (hexokinase and glucose), or buffer, was added and
the cells were re-incubated for 5 min at 37°C . The data are
shown in Fig. 7 b . When mitotic cytosol was used, the hexo-
kinase-glucose treatment caused complete reversal of the
inhibition, as was observed with a 20-fold dilution of the
cytosol (compare with Figs . 5 and 6) . Ifthe hexokinase-glu-
cose was replaced by buffer, reversal did not take place . With
cdc2 kinase instead of mitotic cytosol, the hexokinase-glu-
cose treatment caused 75% of the coated pits to become
deeply invaginated, indicating that the inhibition by cdc2 ki-
nase was reversible .
Discussion
Invagination of coated pits is inhibited during mitosis (Py-
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Mitotic cells
Mitotic cytosol, 5 min, 0°C 78 t 24*
Mitotic cytosol, 5 min, 37°C 47 f 24*
Mitotic cytosol, 10 min, 37°C 57 f 10*
Mitotic cytosol, 5 min, 37°C + 38 t 27*
20-fold dilution, 5 min, 37°C
Interphase cytosol, 5 min, 0°C 74t3$
Interphase cytosol, 5 min, 37°C 68 t 20t
Interphase cells
Mitotic cytosol, 5 min, 0°C 74 f 31§
Mitotic cytosol, 5 min, 37°C 49t2§
Interphase cytosol, 5 min, 0°C 65 f 811
Interphase cytosol, 5 min, 37°C 50 t 3611paert et al., 1987), and here we have shown that this inhibi-
tion can be reproduced in broken mitotic HeLa cells. Mitotic
but not interphase cytosol was able to prevent invagination
during incubation at 37°C (see Fig. 2), and this inhibition
was reversible ifthe cytosol was diluted duringthe incubation
(see Fig. 5) . This indicates that a factor present in the mitotic
cytosol was responsible for the inhibition and had to be pres-
ent throughoutthe incubation . A surprising observation was
that mitotic cytosol was not able to inhibit invagination in
broken interphase cells. This might simply be explained by
the fact that invagination both in vivo (Helenius et al., 1980)
and in vitro (our own unpublished observations) is very rapid
and probably takes less than 30 sec. This may be too short
a time for mitotic cytosol to convert membranes to the mi-
totic state.
What do our observations tell us about the nature of this
inhibition? The fact that it is reversed in a manner sensitive
to okadaic acid indicates that a phosphorylation-dephos-
phorylation cycle is involved. Inhibition would be caused by
a kinase activity in the mitotic cytosol, and reversed by a
phosphatase. Since dilution up to 1,000-fold still allows
reversal (unpublished observations), the phosphatase would
have to remain bound to the membrane or coated pits after
dilution. This is consistent with the observation that at least
one ofthe phosphatases known to be sensitive to okadaic acid,
PPI, can be foundassociated with membranes (Cohen, 1989).
Okadaic acid was not, however, completely effective in pre-
venting reversal so another phosphatase couldbe involved in
this process as well. A good candidate would be pp50 phos-
phatase, which has been found in association with isolated
coated vesicles (Pauloin and Jollès, 1986), though not as yet
in coated pits.
The involvement ofphosphorylation in the inhibition of in-
vagination is consistent with our observations that ATP
depletion causes reversal and that purified cdc2 kinase is
nearly as efficient as mitotic cytosol in inhibiting invagina-
tion. Recent studies have shown that cdc2 kinase is the key
regulator of intracellular events that lead to cell division
(reviewed by Nurse, 1990). The involvement of the kinase
in the inhibition of fusion of endocytic vesicles in vitro
(T1lomikoski et al., 1989) and of invagination (this study)
correlates well with the observation that, in macrophages
and A431 cells, endocytic uptake is inhibited at the begin-
ning of prophase (Berlin et al., 1978; Warren et al., 1984),
when the kinase is known to be activated, and only resumes
at the anaphase-telophase transition, when the kinase be-
comes inactivated.
Since cdc2 kinase alone does not fully substitute for mi-
toticcytosol in preventing invagination, even at levels ofhis-
tone kinase activity higher than in mitotic cytosol, other
cytosolic factors, perhaps kinases, could be involved. There
is, however, the possibility of species incompatibility, since
the cdc2 kinase was purified from starfish and the cellswere
of human origin. Either way, it is important to note that our
data do not prove that cdc2 kinase acts directly on coated
pits. It may be acting via other enzymes that remain bound
to coated pits following breakage and washing. The kinase
could also be working via enzymes which are part of the
clathrin coat itself, since previous reports have shown the
presence of kinase activities in isolated coated vesicles (Pau-
loin et al., 1982; Bar-Zvi and Branton, 1986). If such en-
zymes are involved, one would have to assume that they be-
come rapidly inactivated when the cdc2 kinase is removed,
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in order to explain the rapid reversal of inhibition that fol-
lows dilution of the mitotic cytosol.
What could be the targets for these enzymes on clathrin
coated pits? Nearly every single constituent of coated pits
and coated vesicles has been shown to be phosphorylated in
vivo or in vitro. They include clathrin heavy chains (Martin-
Perez et al., 1989) and light chains (Usami et al., 1985 ;
Schook and Puszkin, 1985), as well as the 100- and 50-kD
adaptins (Keen and Black, 1986; Bar-Zvi et al., 1988). A
good candidate for the target would be the adaptor complex.
Invagination is accompanied by congregation of adaptor
complexes within the coat. Phosphorylation could prevent
this, for example by electrostatic repulsion. This would re-
sult in "freezing coated pits throughout mitosis, as we have
observed both in vivo and in vitro. Another possible target
for phosphorylation could be the putative enzyme which
converts hexagons into pentagons within the clathrin lattice
(see Pypaert et al., 1987). If, however, as mentioned earlier,
curvature of coated pits cannot be increased once a coated
pit has assembled, but is created as the coat is being built
(Pearse and Crowther, 1987), then phosphorylation of one
of the coat components could prevent their incorporation at
the periphery of a coated pit.
Our finding that purified cdc2 kinase can effectively inhibit
invagination should make it much easier to identify the en-
zymes involved in the mitotic inhibition of invagination, and
theirtargets within the coated pit. This should help us to un-
derstand better the mechanism underlying the formation of
coated vesicles from the plasma membrane during endocy-
tosis.
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